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a b s t r a c t
The segmental structure of the axial skeleton is formed during somitogenesis. During this process, paired
somites bud from the presomitic mesoderm (PSM), in a process regulated by a genetic clock called the
segmentation clock. The Notch pathway and the Notch modulator Lunatic fringe (Lfng) play multiple
roles during segmentation. Lfng oscillates in the posterior PSM as part of the segmentation clock, but is
stably expressed in the anterior PSM during presomite patterning. We previously found that mice lacking
overt oscillatory Lfng expression in the posterior PSM (LfngΔFCE) exhibit abnormal anterior development
but relatively normal posterior development. This suggests distinct requirements for segmentation clock
activity during the formation of the anterior skeleton (primary body formation), compared to the
posterior skeleton and tail (secondary body formation). To build on these ﬁndings, we created an allelic
series that progressively lowers Lfng levels in the PSM. Interestingly, we ﬁnd that further reduction of
Lfng expression levels in the PSM does not increase disruption of anterior development. However tail
development is increasingly compromised as Lfng levels are reduced, suggesting that primary body
formation is more sensitive to Lfng dosage than is secondary body formation. Further, we ﬁnd that while
low levels of oscillatory Lfng in the posterior PSM are sufﬁcient to support relatively normal posterior
development, the period of the segmentation clock is increased when the amplitude of Lfng oscillations is
low. These data support the hypothesis that there are differential requirements for oscillatory Lfng during
primary and secondary body formation and that posterior development is less sensitive to overall Lfng
levels. Further, they suggest that modulation of the Notch signaling by Lfng affects the clock period
during development.
& 2014 Elsevier Inc. All rights reserved.
Introduction
The most obvious indicators of vertebrate segmentation in
embryos are the somites, which are the precursors of the axial
skeleton, as well as most skeletal muscle and the dermis of the
back (Christ et al., 1998). Perturbations in the regulation of
somitogenesis are a major cause of congenital skeletal defects,
including the spondylocostal dysostoses (SCDO), many of which
are caused by mutations that affect the Notch signaling during
segmentation (reviewed in Shiﬂey and Cole, 2007; Pourquie, 2011;
Sparrow et al., 2011). Although somitogenesis occurs continuously
from 8.5 d.p.c. to 13.5 d.p.c. in the mouse (Tam, 1981), the process
of axial skeleton formation can actually be divided into two
distinct stages producing somites anterior and posterior to the
anus (Holmdahl, 1925). Early in somitogenesis, as gastrulation
proceeds, cells enter the PSM via the primitive streak in a process
that has been called primary body formation. In mice, at the 30–31
somite stage (around 9.5–10.0 d.p.c.) gastrulation is complete, and
after this point, mesodermal cells in the PSM arise from a
population of undifferentiated cells called the tailbud mesench-
yme (TBM) during secondary body formation (Wilson and
Beddington, 1996). The differences in primary and secondary body
formation may be more distinct in mammals than in some other
organisms (reviewed in Handrigan, 2003), and the mechanisms
regulating and differentiating primary and secondary body forma-
tion are poorly understood. However, the transition from primary
to secondary body formation has important health implications.
For example, the lumbosacral junction (deﬁning the switch
between primary and secondary body formation) is the location
of numerous caudal neural tube defects (NTDs) and malformations
of the genito-urinary system (reviewed in Handrigan, 2003).
Regardless of developmental stage, the PSM can be divided into
functionally distinct regions based on RNA expression patterns. In
the more posterior region the cyclic expression of several genes
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reﬂects the existence of a segmentation clock that provides
temporal information (based on the oscillatory period of the clock)
allowing allocation of mesodermal cells into somite-sized cohorts.
In the anterior-most region of the PSM, the expression of the
cycling genes is stabilized, and the presomites develop rostral and
caudal compartments and become competent to segment
(reviewed in Saga and Takeda, 2001).
Both clock function and rostral/caudal somite patterning in the
anterior PSM are critical for proper development of the axial
skeleton, and interestingly the Notch signaling pathway has been
proposed to play critical roles in both of these stages of somito-
genesis. The expression patterns of Lfng suggest possible separable
roles in the segmentation clock and during rostral/caudal somite
patterning (Cole et al., 2002; Morales et al., 2002). To tease apart
these potentially distinct roles of the Notch pathway during
segmentation, we previously created a novel mouse allele of the
gene Lunatic fringe (LfngΔFCE) (Shiﬂey et al., 2008). This allele
strongly reduced the expression of Lfng in the segmentation clock,
while somewhat reducing its expression during presomite pat-
terning. Interestingly, this allele had severe effects on develop-
ment of the anterior axial skeleton (primary body formation), but
mild effects on the posterior skeleton (secondary body develop-
ment), suggesting that the requirements for the Notch signaling
vary during different stages of mouse segmentation. Here, we
further examine this allele, and ﬁnd that while very low levels of
oscillatory Lfng are sufﬁcient to maintain posterior skeletal devel-
opment, secondary body formation in the mouse is sensitive to
Lfng dosage. In addition, we ﬁnd that as the amplitude of Lfng
oscillations decrease, the period of the segmentation clock is
increased.
Methods
Mouse strains
LfngΔFCE mice have been previously described (Lfngtm1Seco) (Shiﬂey
et al., 2008). They were maintained on a mixed 129/SvxC57BL6/J
background, or crossed one generation onto an FVB background to
introduce the LfngMesp24Lfng transgene. LfngtmRjo1/þ mice (Evrard et al.,
1998) were maintained on a mixed 129SVxC57BL6J background.
Throughout this manuscript, LfngtmRjo1/tmRjo1 mice are referred to as
Lfng null, and a ‘ ’ symbol is used for this allele. Transheterozygous
mice and embryos were produced from crosses between LfngΔFCE/þ
and LfngtmRjo1/þ mice. The LfngMesp24Lfng transgene was ﬁrst crossed
onto the LfngΔFCE background and then intercrossed with LfngtmRjo1/þ
mice. Since LfngΔFCE/ mice are viable and fertile, wild type (LfngΔFCE/þ
or Lfngþ /), LfngΔFCE/ΔFCE, LfngΔFCE/ and Lfng / mice were produced
as littermates to control for background variability. Mice were
maintained in an SPF facility under the care of the Ohio State
University Laboratory Animal Resources department. All proce-
dures were conducted under protocols approved by the Ohio State
University IACUC.
Transgenic mouse production and analysis
The previously described promoter element from Mesp2 that is
sufﬁcient to drive expression in the anterior compartment of
somite S-1 (Haraguchi et al., 2001) was used to drive expression
of a transcript consisting of the full length Lfng cDNA cloned
upstream of an IRES.LacZ.polyA cassette (Kim et al., 1992). Trans-
genes were injected into fertilized eggs from FVB/J females and
transplanted into pseudopregnant female mice at the OSUCCC
Transgenic Mouse Core. Founders were bred to FVB/J females to
establish stable lines of transgenic mice.
Genotyping
Genomic DNA was prepared from tail clips via proteinase K
saltout, or from yolk sac fragments via the HOTSHOT procedure
and animals were genotyped by PCR. LfngtmRjo1 mice were geno-
typed with the primers FNG322 (50-gagcaccaggagacaagcc-30),
FNG325 (50-agagttcctgaagcgagag-30) and PGK3(50-cttgtgtagcgc-
caagtgc-30). FNG322þFNG325 amplify a 170 bp wt product, and
FNG325þPGK3 amplify a 200 bp mutant product. LfngΔFCE1 mice
were genotyped with the primers SC286(50-ttgggtctatctgggaaacg-30)
and SC287(50-gcgactcatccagacacaga-30) producing a 149 bp wildtype
band and a 250 bp mutant band (across the LoxP site in intron 1).
The presence of the LfngMesp24Lfng transgene was assessed
using primers FNG237(50-cgacattttgcagcacag-30) and FNG239(50-
ttcaccgatggagacgac-30), producing a 248 bp transgene band, and
SC340(50-cagaatccagacctctgcaa-30) and SC341(50-accaggagacaagc-
caacag-30), producing a 500 bp positive control band.
Whole mount RNA in situ and immunohistochemistry analysis
Embryos were collected from timed pregnancies. Noon of the day
of plug identiﬁcation was designated as 0.5 d.p.c. In some assays,
embryos were further staged according to Theiler as supplemented by
/http://www.emouseatlas.org/emap/ema/staging_criteria/staging_cri
teria.htmlS. Embryos were ﬁxed overnight in 4% PFA. RNA in situ
hybridization using digoxigenin-labeled probes was performed essen-
tially as described (Shiﬂey et al., 2008). Probes included Lfng (Johnston
et al., 1997),Mesp2 (Saga et al., 1997), Uncx (Mansouri et al., 1997), and
LacZ (Shiﬂey et al., 2008).
For whole-mount immunohistochemistry, embryos were ﬁxed
overnight in 4% PFA. After washing in PBT, embryos were bleached
overnight in 0.1% peroxide, 10% fetal calf serum, and 1% Triton
X-100. After washes in 10 mM sodium citrate (pH 6.0) with 1%
Tween-20, embryos were boiled for 10 min, transferred to PBS,
and incubated for 4 days in cleaved caspase-3 antibody (Cell
Signaling Technology 1:1000 dilution). After extensive washing
in MABT, embryos were incubated overnight in secondary anti-
body, then transferred to NTMT and stained with NBT/BCIP. For
double label in situ, the Mesp2 probe was labeled with Fluorescein
and revealed by incubation with INT/BCIP as previously described
(Shiﬂey et al., 2008).
X-gal staining of embryos was performed essentially as
described (Whiting et al., 1991). After ﬁxation in 1% formaldehyde;
0.2% glutaraldehyde; 2 mM MgCl2; 5 mM EGTA; 0.02% NP-40,
embryos were washed in PBSþ0.02% NP40 and stained in 5 mM
K3Fe(CN)6; 5 mM K4Fe(CN)6; 2 mM MgCl2; 0.01% deoxycholic acid;
0.02% NP-40; 1 mg/ml X-gal overnight or longer at room tempera-
ture. Wild type littermate embryos were included as controls for
background X-gal staining.
Western blot analysis
10.5 d.p.c. embryos were dissected in cold PBS and the poster-
ior portion of the PSM was harvested and boiled in 30 μl of
Laemmli buffer for 5 min. Proteins were loaded onto 10% poly-
acrylamide gels and transferred to PVDF membranes. Protein
levels were detected using anti-NICD1 (Cell Signaling Technology
4147 1:400 dilution) and anti-tubulin (Sigma Aldrich T5168 1:1000
dilution). Secondary antibody conjugated to HRP (1:10,000) and
ProtoGlow ECL (National Diagnostics CL-300) were used to expose
blots following manufacturer's instructions. Band intensities were
quantiﬁed using ImageJ relative density plots. Equal amounts of a
standard containing pooled whole PSMs were loaded onto each
gel to permit inter-gel comparisons. Tubulin and NICD levels were
normalized to this standard sample and normalized values were
used to scale NICD levels among samples.
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Skeletal analysis
For skeletal preparations, embryos were harvested at 17.5 d.p.c.
Alcian Blue and Alizarin Red staining of the fetal skeleton were
performed essentially as described (McLeod, 1980), except
embryos were incubated for 4 days in 95% ethanol followed by
3 days in acetone. For quantitative analyses, we assessed the
number of ribs attached at the sternum, and the number of
uneven rib attachment points at the sternum. The number of rib
abnormalities (fusions and bifurcations) was recorded, with each
individual rib fusion or bifurcation counted as one defect. The
number of normal-appearing vertebral condensations in the
sacrum and tail was also quantiﬁed. Statistical analysis was
performed using GraphPad. Statistical signiﬁcance was assessed
using the Kruskal–Wallis test with the Dunn post hoc when
comparing more than two genotypes, or the Mann–Whitney test
when directly comparing two genotypes or a single genotype þ/
the LfngMesp24Lfng transgene. Nonparametric tests were chosen, as
several comparisons included groups that did not exhibit normal
distributions or equal standard deviations. P values o0.05 were
considered signiﬁcant, and P values are indicated in the table and
ﬁgures.
RT-PCR
10.5 d.p.c. embryos were dissected in cold PBS and the posterior
portion of the PSMwas harvested. Total RNAwas extracted with Trizol
(Invitrogen) and used as a template for ﬁrst-strand cDNA synthesis
with the Superscript III kit (Invitrogen). Lfng cDNA was ampliﬁed
using primers SC550 (50-gatcagcgagcacaaagtga-30) and SC551 (50-
agaatggtcccttgatgtgc-30) yielding a 335 bp band. Gapdh cDNA was
ampliﬁed with primers SC280 (50-aaggtcatcccagagctgaa-30) and SC281
(50-aggagacaacctggtcctca-30), giving a 196 bp band. Mesp2 cDNA was
ampliﬁed with primers SC692 (50-ttcgaggggtcagaatccac-30) and SC693
(50-ggaaccggacgaatctgagg-30) producing a 317 bp product. For quanti-
tative RT-PCR, embryos were dissected as above, but total RNA was
prepared using the Norgen Total RNA Puriﬁcation Micro Kit. Endo-
genous Lfng RNA levels were assessed at the OSUCCC core using gene
speciﬁc Taqman assays (Applied Biosystems, Mm00456128_m1*).
Lfng values were normalized to values for Gapdh, and the highest
level of wild type expression was set to 100 for comparison across
genotypes.
Results
Posterior axial skeletal development is sensitive to Lfng dosage
To examine the importance of Lfng dosage during somitogen-
esis, we took advantage of a previously generated allele, LfngΔFCE,
that deletes an enhancer required for robust oscillatory Lfng expression
in the posterior PSM. By RNA in situ analysis, LfngΔFCE/ΔFCE embryos
lack overt expression of Lfng in the posterior PSM, where the
segmentation clock is active, and express reduced levels of Lfng in
the rostro-caudal patterning region in the anterior PSM (Shiﬂey et al.,
2008). These mice have disorganized anterior skeletons, but segmen-
tation is largely rescued at the lumbar–sacral junction, suggesting that
Lfng could play distinct roles during primary and secondary body
formation. However, recent data (Stauber et al., 2009; Oginuma et al.,
2010) suggests that low levels of Lfng in the posterior PSM may be
sufﬁcient to rescue posterior development, and that somitogenesis
might be differentially sensitive to dosage of Lfng during different
stages of development. To test this, we further reduced Lfng dosage
in the anterior PSM by crossing LfngΔFCE/ΔFCE with Lfngþ / mice to
generate LfngΔFCE/ embryos, and assessed skeletal phenotypes.
We ﬁnd that only minor changes in the level of anterior skeletal
disorganization are observed as Lfng expression levels are decreased
from LfngΔFCE/ΔFCE to LfngΔFCE/ to Lfng / (Fig. 1; Table 1). For
instance, we observed no signiﬁcant change in the number of rib
abnormalities, the total number of ribs, or the number of uneven rib
attachments as Lfng dosage decreased (Fig. 1A, panels a–d and i–l,
and B; Table 1). Although neural arch morphology became some-
what more irregular with increases in fusions as Lfng dosage
decreases, signiﬁcant mouse to mouse variability was observed
even in mice of identical genotypes (Fig. 1, panels e–h and data not
shown). Taken together these results suggest that high levels of
oscillatory Lfng expression are critical during primary body forma-
tion, and that below a threshold that has already been met in
LfngΔFCE/ΔFCE mutants, no signiﬁcant further perturbations of the
anterior skeleton occur as Lfng levels are further reduced.
In contrast, Lfng mutants differed substantially in the pheno-
type of the posterior skeleton (Fig. 1A, panels m–p and C; Table 1).
In the sacral region, development recovers in LfngΔFCE/ΔFCE and
LfngΔFCE/ animals, which usually form 3–4 normal condensations
(Fig. 1A, panels m–p). Despite developing in the absence of a
ll LFNG activity, Lfng / animals still form an average of 2
normal condensations, indicating that sacral development is
somewhat refractory to loss of Lfng, but Lfng /- animals are still
more severely affected in this region of the skeleton. In the tail,
LfngΔFCE/ΔFCE mice have a slight decrease in the total number of tail
vertebrae compared to wild type embryos, from an average of 30
to an average of 27. Further reduction of Lfng dosage in LfngΔFCE/
mice results in a signiﬁcant loss of posterior vertebrae to an
average of 23. Although difﬁcult to quantify, in the absence of
LFNG activity the tail is signiﬁcantly truncated with an average
of only 15 distinct vertebrae (Fig. 1C; Table 1). As tail length
decreases, disorganization of the vertebrae increases, with only 7%
of vertebrae in the posterior regions of LfngΔFCE/ΔFCE animals being
abnormal, compared to 73% in LfngΔFCE/ , and 85% in Lfng /
(Table 1). These results indicate that posterior skeletal develop-
ment is less sensitive to overall Lfng dosage than is anterior
skeletal development, and that the level of Lfng in LfngΔFCE/ΔFCE
animals is sufﬁcient to sustain relatively normal posterior somi-
togenesis, although it is not high enough to support normal
anterior development. This further supports the hypothesis that
primary and secondary body formation require different levels of
LFNG activity. However, posterior development is still dependent
on a threshold level of Lfng expression, based on the increased
disorganization and truncation of the tail region as Lfng levels
decrease in LfngΔFCE/ and Lfng / animals.
Lfng dosage affects rostral/caudal somite patterning
Lfng has been proposed to play roles in both the segmentation
clock and in rostral/caudal patterning of the developing somites
(Cole et al., 2002; Morales et al., 2002). Perturbation of either of
these functions might affect development of the posterior axial
skeleton. To assess the dosage sensitivity of rostral/caudal somite
patterning, we examined the expression of Uncx, a marker of the
caudal somite compartment, in embryos with varying levels of
Lfng expression in the PSM. Interestingly, we ﬁnd that the severity
of the tail phenotype (Fig. 2 panels a–d) correlates with loss of
somite patterning as assessed by expression of Uncx in the caudal
somite compartment at 10.5 d.p.c., when somites that give rise to
tail vertebrae are being produced (Fig. 2 panels e–h). In LfngΔFCE/
ΔFCE embryos, Uncx expression is similar to wild type, although
spacing is occasionally irregular. Expression is less compartmen-
talized in LfngΔFCE/ embryos, and clear borders between the
rostral and caudal compartment of the somites are no longer as
strongly deﬁned. In Lfng null embryos, less compartmentalization
is observed, although in tail somites some clear compartments are
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still visible. Because Lfng wild type and LfngΔFCE/ΔFCE mice, and
LfngΔFCE/ embryos clearly differ in their levels of Lfng in the
anterior PSM, these results could suggest that somite patterning
and posterior development may be sensitive to Lfng dosage in the
anterior PSM, but they do not rule out a possible role for
oscillatory Lfng in the posterior PSM, as patterning in the anterior
PSM might be affected by abnormal clock function in the
posterior PSM.
Exogenous expression of Lfng in the anterior PSM does not rescue
posterior skeletal development
To directly test the importance of Lfng expression in the anterior
PSM, we developed transgenic mice speciﬁcally expressing Lfng in the
anterior PSM, in the future rostral somite compartment, where
endogenous Lfng expression is observed (Cole et al., 2002). This
transgene uses a previously deﬁned Mesp2 promoter element
(Haraguchi et al., 2001) to drive Lfng expression in the anterior PSM.
The transgene also contains an IRES/LacZ cassette, allowing us to
assess both transcription and translation from the transgene
(LfngMesp24Lfng transgene, Fig. 3A). Whole mount RNA in situ analysis
for LacZ RNA sequences and comparison toMesp2 expression demon-
strate that this transgene expresses RNA in a pattern that overlaps that
of endogenousMesp2, thus recapitulating the expression of Lfng in the
anterior PSM (Fig. 3B, panels a and b). Whole mount X-gal staining of
wild type embryos indicates that LacZ protein is found in a single
band in the anterior PSM, with stable protein perduring in the anterior
compartment of the ﬁrst few epithelial somites (Fig. 3B, panel c).
Although we cannot directly assess LFNG protein expression from the
transgene due to a lack of appropriate antibodies, the translation of
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Fig. 1. Posterior skeletal development is sensitive to Lfng dosage. (A) Alcian Blue/Alizarin Red skeletal preparations of 17.5 d.p.c. embryos. Dorsal ribs (a–d), lateral view of
lumbar vertebrae (e–h), ventral ribs (i–l) and dorsal views of the lumbar and sacral (m–p) regions are shown. Numerous rib fusions and bifurcations are seen in LfngΔFCE/ΔFCE
(b and j), LfngΔFCE/ (c and k) and Lfng / (d and l), as well as uneven rib attachment points and neural arch fusions. Though neural arch morphology generally becomes
more disorganized as Lfng levels are reduced (e–h), there was signiﬁcant mouse to mouse variability. In the sacral region, more normal condensations are observed in
LfngΔFCE/ΔFCE (n) and LfngΔFCE/ (o) skeletons, than are seen in Lfng/ skeletons (p). (B) Quantiﬁcation of the total number of rib abnormalities is shown as a box and whisker
plot. The number of rib abnormalities is signiﬁcantly different in the Lfng mutant skeletons than wild type, but no signiﬁcant differences are observed among LfngΔFCE/ΔFCE,
LfngΔFCE/ and Lfng/ skeletons. (C) Quantiﬁcation of tail vertebrae is shown as a box and whisker plot. A statistically signiﬁcant loss of vertebral elements is observed as
Lfng dosages are decreased (see Table 1).
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LacZ protein from the IRES cassette supports the idea that LFNG
protein expression in LfngMesp24Lfng mice recapitulates the endogen-
ous LFNG protein expression in the anterior PSM. To further examine
the expression levels driven by this transgene, we directly compared
Lfng expression levels in transgenic and wild type embryos, to avoid
confounding differences in probe afﬁnity between the LacZ probe and
the Lfng probe. We simultaneously performed in situ analysis using an
Lfng probe on LfngΔFCE/ΔFCE embryos and Lfng / embryos carrying a
copy of the LfngMesp24Lfng transgene (where the only source of Lfng
RNA is the transgene). Although the band of Lfng RNA is diffused in the
Lfng / and LfngMesp24Lfng embryos (due to patterning defects
associated with the loss of Lfng activity), the levels are similar to or
higher than those observed in LfngΔFCE/ΔFCE embryos. Since the
LfngΔFCE allele clearly expresses sufﬁcient Lfng to rescue posterior
skeletal development, we conclude that the LfngMesp24Lfng transgene
is driving sufﬁcient Lfng expression to have a positive effect on Lfng-
related phenotypes if expression of Lfng in the anterior PSM was
sufﬁcient for such rescue.
Interestingly, we ﬁnd that expression of exogenous Lfng in only
the anterior PSM does not notably rescue the posterior skeletal
phenotypes of Lfng mutant mice. The number of tail vertebrae
(Fig. 3D), the percent of abnormal tail vertebrae (Fig. 3E), and the
number of normal sacral vertebral condensations (data not shown)
are all unchanged in embryos with or without the transgene. No
changes in any phenotypes were observed when transgenes were
bred to homozygosity, suggesting that Lfng expression in the
anterior PSM is not sufﬁcient to allow secondary body formation.
LfngΔFCE/ΔFCE mice express low levels of dynamic Lfng in the
posterior PSM
Our transgene data suggests that the increasing severity of
posterior skeletal defects as Lfng expression levels are reduced
cannot be explained by a dosage sensitive requirement for Lfng in
the anterior PSM. Another possible interpretation of this result is
that low levels of cyclic Lfng in LfngΔFCE/ΔFCE and LfngΔFCE/
embryos are actually acting to rescue tail development. Recent
data suggest the possibility that low levels of cyclic Lfng expression
in the posterior PSM may be able to rescue tail development
in Lfng / animals (Stauber et al., 2009; Oginuma et al., 2010).
Although we do not observe Lfng expression by whole mount
in situ analysis in LfngΔFCE/ΔFCE embryos at 10.5 d.p.c. (Shiﬂey et al.,
2008), it is possible that low levels of Lfng, below our threshold of
detection, are being expressed in these embryos.
To test this possibility, we performed RT-PCR to compare Lfng
expression in Lfngþ /ΔFCE embryos (which exhibit completely
normal skeletal development) to that in LfngΔFCE/ΔFCE embryos.
Embryos were harvested at 10.5 d.p.c. and the posterior portion of
the PSM was removed for RNA extraction. As each embryo is
potentially in a different stage of the clock cycle, RT-PCR was
performed on RNA from 7 individual embryos of each genotype.
Using semi-quantitative PCR, we observe variable levels of Lfng in
the 7 control embryos, although Gapdh levels are similar (Fig. 4A).
In the LfngΔFCE/ΔFCE embryos, Lfng expression is observed, although
the levels detected suggest that the amount of Lfng expressed is
quite low in these embryos. To control for the possibility that our
samples contained part of the anterior PSM, we examined Mesp2
expression, which co-localizes with Lfng expression in the anterior
PSM.Mesp2 expression was not detected in posterior PSM samples
but was strongly expressed in the anterior PSM, conﬁrming that
the posterior PSM samples are not contaminated with RNA from
the anterior PSM compartment. These analyses were repeated
using quantitative RT-PCR, to directly compare Lfng levels across
genotypes (Fig. 4B). We ﬁnd that Lfng levels oscillate in embryos of
all Lfng genotypes. Interestingly, the peak expression of Lfng in
Lfngþ /ΔFCE embryos was found to be about 40% of the peakTa
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expression in wild type embryos. This indicates that the absolute
level of Lfng expression in the PSM is not maintained in hetero-
zygous embryos, and that lower absolute levels of oscillatory RNA
are sufﬁcient to support normal development. In contrast, the
peak levels of Lfng expression in Lfngþ /ΔFCE embryos were only 10%
of the highest expression observed in wild type embryos. However,
even in LfngΔFCE/ΔFCE embryos, dynamic expression was observed,
with Lfng mRNA levels varying over 2 fold in embryo to embryo
comparisons. Similar analyses in Lfng null embryos indicated that
LfngmRNA levels are essentially undetectable (o0.05% of peak wild
type expression), supporting the idea that the low levels observed
in LfngΔFCE/ΔFCE embryos do, in fact, represent real, dynamic Lfng
expression.
Low levels of Lfng in LfngΔFCE/ΔFCE embryos support dynamic
NICD activity
We then examined the possibility that the low, oscillatory Lfng
expression observed in LfngΔFCE/ΔFCE embryos could affect the
Notch pathway activity by examining NICD level. Previous analysis
of NICD by whole mount immunohistochemistry did not reveal
overt oscillatory activation of NOTCH1 in the PSM of LfngΔFCE/ΔFCE
embryos (Shiﬂey et al., 2008). However, it is possible that during
secondary body formation, low levels of Lfng oscillations may be
sufﬁcient to promote sufﬁcient NICD oscillations to support
relatively normal tail development, even if NICD levels at the
trough of the cycle are not as low as is observed in wild type
embryos. To test this hypothesis, we used Western blot analysis to
examine NICD levels in the posterior PSM of Lfngþ /ΔFCE and
LfngΔFCE/ΔFCE embryos. Comparing NICD levels in individual PSMs,
we ﬁnd that NICD levels in LfngΔFCE/ΔFCE embryos are, in fact,
dynamic from embryo to embryo. However, we observe that both
the peak and trough of NICD expression are higher in LfngΔFCE/ΔFCE
embryos than in Lfngþ /ΔFCE embryos (Fig. 4C). Thus, our results
suggest that NICD levels in LfngΔFCE/ΔFCE embryos are dynamic, but
are higher in general than observed in Lfngþ /ΔFCE embryos which
have normal anterior body formation. Taken together, these data
indicate that the LfngΔFCE allele does, in fact, express low levels of
dynamic Lfng in the posterior PSM where the clock is active in wild
type embryos. Although these levels are not high enough to
entirely recapitulate the normal, cyclic activation of NOTCH1 in
the wild type PSM, they are sufﬁcient to support dynamic NICD
activity that co-ordinates relatively normal skeletal development
during secondary body formation. However, as the dosage of cyclic
Lfng is reduced in LfngΔFCE/ and Lfng null animals, posterior
skeletal development is increasingly compromised.
The rate of segmentation is altered in LfngΔFCE mice
As Lfng levels are reduced, the axial skeleton becomes increas-
ingly truncated, losing from 3 posterior skeletal elements in
LfngΔFCE/ΔFCE animals to 15 posterior skeletal elements in Lfng /
animals (Fig. 1C; Table 1). We were interested in examining the
mechanism behind this skeletal truncation in Lfng / animals.
LfngΔFCE/ΔFCE LfngΔFCE/- Lfng 
a b c d
e f g h
Lfng wild type
Fig. 2. Rostral/caudal patterning of epithelial somites is sensitive to the dosage of Lfng in the PSM, and correlates with tail phenotypes. (A) Morphological abnormalities of
the tail in wild type, LfngΔFCE/ΔFCE, LfngΔFCE/ and Lfng/ animals exhibit increasing severity as Lfng dosage decreases. (B) Uncx expression at 10.5 d.p.c. demonstrates
increasing disorder in rostral/caudal patterning as Lfng dosage decreases.
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One possible explanation would be that in the presence of low
Lfng, somitogenesis ends prematurely in LfngΔFCE/ and Lfng /
animals. To address this idea, we examined the length of the PSM
in wild type and Lfng/ animals (Fig. 5A). Because the length of
the PSM shortens as somitogenesis proceeds, we expected the
PSM to be reduced in size in Lfng / embryos at earlier embryonic
stages if segmentation was ending prematurely. However, no
statistically signiﬁcant difference was observed between wild type
and Lfng / embryos at early TS19 (Theiler stage) and late TS21
(Fig. 5B), suggesting that the duration of somitogenesis is the same
in wild type and Lfng / embryos. In the chick, cessation of
segmentation is accompanied by localized apoptosis in the tailbud
(Tenin et al., 2010). Premature apoptosis in the tailbud of Lfng
mutants would be expected to lead to loss of posterior vertebrae.
To determine whether apoptosis occurs earlier in Lfng /
embryos, we performed whole-mount immunohistochemistry
using a cleaved caspase-3 antibody. We assessed apoptosis in
embryos at Theiler stages 22 and 23 (Fig. 5C). At TS23, similar
levels of apoptosis were detected in the tailbud of both Lfngþ /þ
and Lfng / embryos. At TS22, we did not observe apoptosis in
either Lfngþ /þ or Lfng / embryos, suggesting that somitogenesis
has not ended early in the absence of Lfng. An alternative
explanation for reduced posterior vertebrae in Lfng mutants is
that the rate of segmentation is slowed as Lfng levels are reduced,
resulting in the production of fewer vertebrae. If this is the case,
LfngΔFCE/ΔFCE mutants should have fewer vertebrae in the anterior
skeleton. We quantiﬁed vertebral elements in LfngΔFCE/ΔFCE
mutants from the cervical region to the lumbosacral junction
by counting the dorsal arches of the vertebrae, which are
comparatively mildly affected in most LfngΔFCE/ΔFCE animals
(Fig. 6A and B). While wild type mice (n¼7) formed 26 vertebrae,
LfngΔFCE/ΔFCE mice (n¼7) averaged 22 vertebrae (Po0.001). We
next determined whether reduction of the number of anterior
vertebrae corresponded to a reduced number of somites formed
during primary body formation. We counted the somites of wild
type and LfngΔFCE/ΔFCE mutants at 10.5 d.p.c. as assessed by
expression of Uncx (Fig. 6C and D). Because Uncx expression in
the trunk region of LfngΔFCE/ΔFCE embryos was too disorganized
to count somites reliably, we counted somites from the cervical
region to the posterior boundary of the forelimb bud, as was
previously done in Hes7 mutant embryos to assess segmentation
clock period (Harima et al., 2013). We observed an average of
8.9 somites (n¼10 embryo halves) in wild type embryos. In
contrast, LfngΔFCE/ΔFCE embryos averaged 8.0 somites (n¼10
embryo halves), suggesting that the clock period is longer in these
mutants (P¼0.001). Together, these results support the hypothesis
that the rate of segmentation is slowed in Lfng mutants, leading to
loss of vertebrae.
Discussion
Our data supports a recent report suggesting the clock period is
sensitive to Notch activity levels. In embryos mutant for the Notch
regulator Nrarp, Notch activity levels in the PSM are slightly
elevated, resulting in a longer clock period and fewer vertebrae
(Kim et al., 2011). Consistent with this model, LfngΔFCE/ΔFCE and
Lfng / animals have elevated levels of Notch activation and fewer
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Fig. 3. Exogenous expression of Lfng in the anterior PSM does not rescue posterior skeletal development in Lfng mutant mice. (A) Schematic of the LfngMesp24Lfng transgene
using an Mesp2 promoter element to drive an LfngIRESLacZ cassette. (B) RNA in situ analysis for the LacZ sequences of the transgene transcript demonstrates that the
transgene drives expression as a single band in the anterior PSM (a) that overlaps with endogenousMesp2 expression ((b) LacZ expression in purple, andMesp2 expression in
orange). X-gal staining for LacZ protein shows expression from the LfngMesp24Lfng transgene in the anterior compartment of somite-1, with protein perduring in the anterior
compartment of the most recently formed somites (c). This indicates that the transcription and translation of the LfngMesp24Lfng transgene recapitulate the endogenous
expression of Lfng in the anterior PSM. (C) Lfng RNA expression was compared in LfngΔFCE/ΔFCE embryos (a) and Lfng/ embryos carrying the Mesp24Lfng transgene ((b) in
which the only source of Lfng RNA is the transgene). Levels of Lfng RNA in the Lfng / embryos with theMesp24Lfng transgene are equal to or higher than those observed in
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posterior skeletal development in Lfng mutant embryos.
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vertebrae. The reduced number of cervical and thoracic vertebrae
in Lfng / mutants has been suggested to be a result of homeotic
transformation (Cordes et al., 2004). However, homeotic transfor-
mation alone cannot explain the loss of vertebrae in LfngΔFCE/ΔFCE
and Lfng / animals, as the total number of somites and vertebrae
formed during somitogenesis is reduced in these mutants. However,
our data is not inconsistent with a model where Hox gene expres-
sion acts on fewer segments to alter the normal pattern of vertebral
identity.
Previous data from our lab and others have suggested that
there are differential requirements for Lfng expression and Notch
pathway activity during primary and secondary body formation
(Shiﬂey et al., 2008; Stauber et al., 2009; Oginuma et al., 2010). At
least two possible models could explain the existing data. One
possibility is that oscillatory Lfng is dispensable for clock function
during secondary body formation, but plays a critical role in
rostral/caudal somite pattering during this stage of development.
Alternatively, as suggested by Oginuma et al. (2010), it is possible
that the most critical function of Lfng is its oscillatory expression
linked to the segmentation clock, while its stable expression
during somite patterning may be less important.
The data reported here, along with data from other labs,
supports the second of these two models. We observe low levels
of dynamic Lfng expression in the posterior PSM of LfngΔFCE/ΔFCE
embryos. Further, we ﬁnd that increased transgenic expression of
Lfng in the anterior PSM somite patterning region is not sufﬁcient
to rescue posterior skeletal development in Lfng mutant mice.
Together with data indicating that Lfng expression driven by the
oscillatory Hes7 promoter can completely rescue the Lfng null
phenotype (Oginuma et al., 2010), and the observation that Lfng
transgenic mice that express very low levels of oscillatory expres-
sion in the posterior PSM have a phenotype very similar to that of
LfngΔFCE/ΔFCE mice (Stauber et al., 2009); these data support the
idea that low levels of oscillatory Lfng in the clock are sufﬁcient to
support relatively normal posterior skeleton development during
secondary body formation.
These data also provide further support for the idea that
primary and secondary body formations have different require-
ments for oscillatory Notch activity in the segmentation clock. We
observe phenotypes in the posterior skeleton that are clearly
sensitive to the overall dose of Lfng, with transheterozygous
LfngΔFCE/ mice exhibiting a phenotype that is intermediate
between that of homozygous LfngΔFCE/ΔFCE and Lfng / animals.
The contrast between this observation and the ﬁnding that
phenotypes in the anterior skeleton are only mildly exacerbated
as Lfng dosage decreases, provides strong support for the hypoth-
esis that somitogenesis has a more stringent requirement for clock
activity during primary body formation than during secondary
body formation. Our observations suggest the possibility that in
LfngΔFCE/ΔFCE embryos, Notch activity levels are, in fact, dynamic,
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but both our previous data and that shown here indicate that the
amplitude of those oscillations may be diminished and that the
levels of NICD in mutant embryos do not drop as low as is
observed in wild type embryos (Fig. 4C; Shiﬂey et al., 2008). The
fact that LfngΔFCE/ΔFCE mice form essentially normal tails despite
the fact that NICD levels never reach the minimum levels seen in
wild type embryos indicates that secondary body development
can be co-ordinated by NICD oscillations of smaller amplitude and
with less dramatic troughs. In contrast, NICD oscillations must be
more robust to co-ordinate normal development of the anterior
skeleton.
In contrast to our observations in the tail, we ﬁnd that the
sacral region of the axial skeleton is largely resistant to loss of
Lfng activity, with Lfng/ mice forming 2–4 normal sacral
vertebrae. Interestingly, Lfng / skeletons are also less affected
in the cervical region. One possible explanation for these
observations is that during primary body formation, cells in
the PSM may be able to maintain phase-linked oscillations for a
few cycles, but may require LFNG activity to maintain these
oscillations in the long term. Because a different cell population
gives rise to the posterior vertebrae, the formation of sacral
vertebrae during secondary body formation may be analogous
to the production of cervical vertebrae during primary body
formation. PSM progenitors in the tailbud may initially be
synchronized independently of LFNG activity, but as Lfng levels
are reduced, cells may be unable to maintain synchronized
oscillations for as many cycles. This is consistent with our
observation that in both LfngΔFCE/ and Lfng/ animals the
normal tail vertebrae that are observed are generally found
anterior to malformed vertebrae in the more posterior tail. It is
not clear why primary and secondary body formation may have
different requirements for Notch oscillations. It has been pro-
posed that one of the functions of the Notch pathway in the
clock is to maintain synchronized gene expression within
cohorts of cells as they progress through the PSM (Jiang et al.,
2000; Horikawa et al., 2006; Mara et al., 2007; Riedel-Kruse
et al., 2007; Ozbudak and Lewis, 2008; Delaune et al., 2012). It is
possible that during primary body formation, as migratory cells
enter the PSM via the primitive streak, mobile cells may be more
likely to move at different speeds, and frequently change
neighbors. It is interesting to speculate that in this situation,
robust oscillations in Notch activity may be required to maintain
synchrony among cells with different mobilities. In contrast,
during secondary body formation, when many cells are pro-
posed to arise from the static tailbud, cells in the PSM may
exhibit less variability in relative mobility within the PSM, and
lower amplitude oscillations of the clock may be sufﬁcient to
maintain synchronous gene expression.
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